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ABSTRACT

This paper presents some of the more significant results of a wind

tumzel test on small models of paraboloidal reflector antennas. As contrasted

to tes_ of a single final design configuration, the effects on wind loads of such

parameters as focal distance to diameter ratio, surface porosity, spoilers, a

simulated support structure, pivot center position, etc., were examined on

relatively simple models. Evidence is offered to show that the Reynolds num-

ber of the test data is suf_ciently high to make the results applicable to fuU-

scale installations. The results of this test show some of the gains to be made

by designing such an installation from wind loads, as well as structural and

Rr.e efficiency aspects. An annotated Bibliography presenting references on

_zind load tests on such antennas is also included.

-V -
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I. INTRODUCTION

One of several interrelated problems in the design of a paraboloidal

reflector directional antenna is wind loads {see Ref. 1. ) These wind loads can

not only distort the necessarily highly accurate shape of the antenna reflecting

surface, but can create large torques which must be overcome by any angular

positioning gear and have been known to cause structural damage, A large

antenna of this nature, designed for tracking orbital and interplanetary flights,

is particularly sensitive _o wind 1cads in that it should be capable of use during

critical phases of the trajectories in spite of adverse wind conditions.

AltbGugh a number of paraboloidal reflector antennas of various sizes.

descriptions, and design purposes are in use, a surprisingly small amount of

wind load data is a;-ailable. What infc, rmation is available, either from small

model tests or field tests of existing inst_tl]ations, contains features which make

it nearly impossible to form the comparisons necessary for optimization or

design use. In order to obtain a cor_sLst_.nt set of data showing the effect of

parameters such as focal length to diameter ratio, distribution and amount of

reflector surface porosity, devices to reduce loads, etc., a wind tunnel test

program was embarked upon. Configuratiolm were chosen for investigation

which appeared to be reasonabie compromises _etween aerodynamic loads,

structural feasibility, and radio frequency performance.

Throughout this paper, conventional Ur, it_i States aerodynamic terminol-

ogy and conventions are used. For the conveni_,nt:e of those not familiar with

this terminology, the table of nomenclature at the _:nd of this paper gives several

ol o
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equivalent terms and some typical values.

in this paper are in the stability axes system,

vertzx of the paraboloidal reflecting surface.
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Except as noted, all data presented

with the moment center at the

II. TEST DESCRIPTION

These tests were performed in the Northrop Subsonic Wind Tunnel, which

has a test section 7 ft high by 10 ft wide. All configurations tested incorporated

18-in, -diam. paraboloidal reflectors. Larger size models would have increased

the distortion in the tunnel air flow to the level where the applicability of the

resulting reduced data tofield installations would be questionable These parab-

oloidal reflectors were spin-formed from commercial copper sheet 1/8 in.

thick. Several were perforated with 3/8-in. -diam. holes in reasonably uniform

patterns to obtain the desired porosities. They _,ere mounted near the tunnel

floor at the center of the 20-ft-long test section. A 1-5/8-in. -diam. staff, which

_-as nhielded from wL-_d loads by a 2-in. -diam. tube, connected the model to the

large, accurate balance located below the floor. A "knuckle = at the top of this

staff permitted pitch-angle settings from 0° to 180 ° in 5° increments. The

models (and balance) were rotated by remote control to any desired yaw angle

over a range in excess of 0" to 180".

Major emphasis was placed on force and moment data.

limited amounts of other types of data were obtained, such as:

I.

2.

In addition,

Pressure distributions on three of the configurations.

Dynamic data, indicative of the severity of aerodynamically

forced oscillations as a function of reflector attitude. 7
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3. Photographs of tufts attached to several models, indicative

of the air flow patterns responsible for the previously men-

tioned data.

The tunnel variables for this test were:

I. Wind velocity (Reynolds number) 85 to 260 mph, at atmos-

pheric pressure, producing Reynolds numbers, based on

model diameter, between I. 2 and 3.6 x 106.

2. Tunnel floor boundary layer thickness of 3 and 18 in., the

latter approximating the terrestrial wind boundary layer

relative to the model.

3. Clearance between the tunnel floor (simulated ground plane)

and the bottom of the reflector surface of I. 56 and 6.61 in.

The various model configurations tested included the following variables:

I. Paraboloidal reflector focal length to diameter ratios of 0.25,

0.33, 0.42, and infinity (flat plate), corresponding to depth

of diameter ratios of 0. 250, 0. 189, o. 149, and 0 (see Fig. I.)

2. Paraboloidal reflector surface uniformly distributed poros-

ities* of 0%, 10%, 25%, and 50% (see Fig. 2.)

3. Paraboloidal reflector surface outer edge porosities of 25%

and 50% over the outer 10% and 25% of the reflector radius

(see Fig. 3. )

4. Four protuberance-type spoilers (see Fig. 4 and 5. )

*The center 4-in. diam. of all configurations was distorted for mounting

purposes and could not be perforated {see Fig. 4. )
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5. Simulated reflector support structure with three sizes of

counterweight side surface areas (aerodynamic balances)

(see Fig. 3. )

6. A pylon (conical bu/Id-up on the 2-in. -diam. windshield)

(see Fig. 3. )

7. Surface roughness on the back of the reflecting surface,

1-1/2°I0 of the reflector diameter in height (see Fig. 6. )

In all cases, the reflecting surface was thin compared to its diameter, i.e., the

case of an enclosed support structure was not examined.

Only a representative number of the above comb/nations wss tested, and

the pitch-angle range examined for a number of these combinations was very

sparse. The test program included sufficient pertinent combinations to make it

possibie to estimate the performance of untested combinations by applying

mutual differences, interpolation, and extrapolation.

HI. DISCUSSION OF RESULTS

A. Reynolds Number Effects

One of the problems in applying the results from small-scale wind tunnel

tests to full-scale installations is that of Reynolds number (scaling effects. ) As

shown by Fig. 7, in certain regions of Reynolds number, the nondimensional

forces (and probably moments) can vary by a factor as great _s five. Because

such Reynolds number sensitivity data were virtually nonexistent for paraboloidal

geometries, it was necessary to assun_e that the data represented by Fig. 7,

based on spheres, cylinders, and flat plates, would be approximately applicable.

-4-
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Based on this evidence that the model test Reynolds number would be in excess

of the critical region, the test program was initiated.

During the course of the test, the Reynolds number was varied by a factor

of three on one solid reflector configuration, and a factor of I. 35 on one porotm

reflector configuration. For the solid configuration, the yaw moment compari-

son is shown in Fig. 8 to demonstrate the lack of this scale effect. Except for

these Reynolds number checks, the entire test was carried out at a Reynolds

number, based on paraboloidal reflector diameter, of 2.# x 106. This resulted

from a tunnel air stream velocity of 192 mi/hr at sea level ambient pressure (a

d_rn;c pressure of 95 lb/ft 2. )

B. Tunnel Floor and Support Interference EiTects

If there were no ground plane {tunnel floor) air flow restraint, velocity.

nonuniformity (tunnel floor boundary layer), or support (windshield) interference,

the model would have axial symmetry. Such a symmetrical model would show

°_,_.-.! .,,_.--,.--;'_"_*_'°,.._"+t,.___re_--,tl_.ng data. One of these comparisons ia presented

in Fig. 9. showing side force and lift force coefficients vs yaw and pitch angles.

respectively (in wi_d axis orientation. ) The discrepancies between thesq two

curves must, then, be due to one or more of the above itemized factors.

The comparisons outlined in the above paragraph facilitate interpolation

and extrapolation of the data resulting from this test. This feature is important

in specific cases:

I. Data were obtained at a very limited number of pitch angles

on all except one configuration.

-5-
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Q Due to the manner in which the balance was used for resolving

the forces and moments, the pitch and roll moment data are

substantially inferior to the other four components.

Another support interference phenomenon may be seen in the resulting

data. The presence of the pylon shown in Fig. 3, which represents a profile

area of approximately 10% of the reflector frontal area, increases the moments

approximately 10% and the forces approximately 5_,.

C. Reflector Focal Length (Paraboloidal Depth)

Figure I0 shows the changes in the yaw moment coefficient as a function

of the ya w angle for the various reflector focal length to diameter ratios. This
,,.

figure shows that the deepest reflector exhibits approximately 20% higher yaw

moment positive-pe_ _. (a-_o_l._. the _rabo]_ vertex) Lb-.an*_e s-hallllowest reflector;

however, the yaw moment negative-peak, while smaller in absolute magnitude

than the positive moment, is greater for the shallower reflectors. There is

relatively little change in the maximum rate of change of yaw moment with

yaw angle.

It is interesting to note the yaw moment vs yaw angle for the fiat circular

plate, also shown on Fig. 10. If it were not for the support effect, this curve

would be inversely symmetrical about the 90* angle. While the general shape

exhibits such sy_.metry, the lack of comparison in magnitude permits an evalu-

ation of the support interference.

While not illustrated, the axial force (parallel to the ground and in the

reflector azimu*_ direction) e_ibits relatively little change for the different //

-6-
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reflector focal lengths. As might be expected, the peak forces perpendicular to

the paraboloid centerline are approximately 55% greater for the deepest than for

the shallowest paraboloidal reflector.

D. Angular Rotation Center Location

The reflector angular positioning me_tmnism must be capable of over-

coming the torques due to wind loads. As Fig. II shows, the magnitude of these

torques is affected by the relative position of the moment center. For this solid-

surface reflector, the peak-positive yaw moment is reduced 29% for a moment

center travel equalling 3_ of the di_n_eter. The mlnim-_m _-aw moment would

be obtained with the moment center appreciably on the concave side of the parab-

oloidal reflector. With the exception of this figure, all moment curves presented

in this paper are taken about the parabol_id vertex, i.e., the intersection of the

paraboloid centerllne and its reflecting surface.

E. Effects of Pitch Angle on Moments and Forces

Figure 12 shows an example of the variation of yaw moment vs yaw angle

as a parametric function of pitch angle for a typical solid surface reflector.

With the exception of lift and pitch moment, the forces and moments show peak

values near -,ero pitch angle; the lift and pitch moment show peak values at

approximately 60* pitch angle.

F. Uniformly Distributed Porosity

Figures 13 and 14 show the effect c_ uniformly distributed porosity on

axial force and yuw moment. This effect of _miform porosity is the strongest

-7-
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influence noted throughout the test; 50% porosity reduces the yaw moment

positive-peak (_.bout the vertex) 25%, eliminates any negative yaw moment,

reduces the rate of change of moment with angle 84%, the peak axial force by

50%, and the peak lift (at 60 ° pitch angle) 80%. Some of these reductlon8 would._.

be even more significant in percent, as the moment center moved away from the

paraboloid focal point. It is interesting to note that these reductlmul are approx-

imately linear with porosity up to 25%, but the additional reductions due to 50_

porosity are only on the order of half of those due to 25_.

C. Rim Porosi,_y -.

Figure 15 illustrates the effect of reflector surface porosity on the rim

only, the central portion being solid. While the reduction in forces and moments

is smaller than that for the uniformly distributed porosity for the same total

amount of porosity, the effect is slightly larger when it is distributed at the

edges only, There appear to be other advantages outside of wind loads, which

may result from distributing the porosity at the edges only.

H. Spoilers

Two types of protuberance spoilers were investigated. One consisted of

a cowl-ring around the reflector periphery; relative to the no spoiler configura-

tion, it did not significantly reduce the moments and it increased the forces

slightly. As shown by Fig. 16, trip-fence spoilers had a beneficial effect. The

larger of these two tested, having a height of 4% of the reflector diameter,

reduced the peak yaw moment approximately 9%, the peak axial force 9%, and

the maximum rate ¢f change of moment with angle 17-/_. This particular

-8-
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configuration was the only one tested which showed hysteresis in force or moment

vs angle; the hysteresis loop occurring in yaw moment at about a 95 ° angle to

the wind.

It is interesting to note that test data exist and at least one full size

antenna is in use incorporating trip-fence spoilers having a height on the order

of 10% of the reflector diameter (see Bibliography, )

I. Reflector Support Structure

Figures 17 and 18 show the effect of a simulated structural support

(illustrated in Fig. 3) behind the otherwise relatively thin paraboloidal reflecting

surface both with and without aerodynamic counter-balancing surfaces (extended

counterweight side surface areas. ) Even with the minimum size counterweights,

the structttre reduces the peak yaw moment about the vertex approximately 18%,

apparently by yielding some aerodynamic counter-balancing. This reduction in

yaw moment is obtained, however, at the expense of increasing the side force by

50%. Note that the position of the moment center will have a strong influence on

the gain, due to such counter-balancing. The axial force is not sign'.*icantly

changed.

The simulated reflector support structure was fabricated mainly from

1/8-in. square members, in order to minimize the Reynolds number effects (as

indicated by Fig. 7 for sharp edged shapes. ) No check was made on the Reynolds

number sensitivity o,e these configurations. It is realized that this model struc-

ture has fewer members of a larger relative size than most full-scale installa-

tions. Fabrication costs prohibited a more detailed model for this phase of the

investigation; however, the results should be at least indicative.
- 9 -
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Some care must be taken in designing the support for large antennas

where structural members of circular cross-section are utilized. Wind-exclted

periodic vibrations in such members have produced structural failures an several

existing installations. This phenomenc_u is relatively well understood, however,

and is predictable (see Ref. 2. )

J. Complete Configuratioaa

Figures 17, 18, and 19 serve to illustrate the forces and moments cm one

of the several possible complete configurations tested. A simulated complete

configuration represented by these figures is illustrated in Fig. 3 and incorpor-

ates the rim porosity, pylon, paraboloidal reflecting surface supporting struc-

ture, and extended counterweight side surfaces. Although the yaw moment for

this combination is on the order of half of that for the simple solid reflector, the

side force is nearly doubled. It remains to be investigated whether or not this

is a desirable compromise when compared to structural problems, angular posl-

tioning probl eros, etc.

K. Pressure Distributicn

Figure 20 shows one of the models on which pressure distribution was

measured, and Fig. 21 and 22 present samples of pressure-difference contours

across a solid reflecting surface paraboloidal antenna. I'. is interesting to note

that the pressure drops off somewhmt near the edge of the reflector--a feature

beneficial to reflecting surface elastic deformations caused by wind loads. These

reflectors have a focal length to diameter ratio of 0. 33.

- 10 -
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L. Dynamic Oscillation Data

Figure 5 shows the strain gauges attached to the model support staff

from which the dynamic data were obtained. These data, recorded as oscLllo-

graph traces, have not been completely reduced to date and are not presented.

SUMMARY

Only a small but most significant portion of the results of this test has

been presented in this paper. These results indicate the significance of the

proper design consideration of wind loads on structures of this type.

A larger and more complete report on the results of this investigation,

including comparisons with data from other sources, is in preparation. Com-

plete tabular data and a large number of working plots, in several different

axes orientation systems, are available. This material can be supplied on

specific request for those interested in particular features of these tests.

The material in this paper is also being presented in the JPL Space

Programs Summary, 37-14, Vol. I, I, B-2.

- 11 -
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NOM ENC LA TUR E

Model Attitude

The position of the paraboloidal reflector, relative to the wind, II

defined by the yaw and pitch angles. In astronautical parlance, these are known

as the azimuth and elevation angles, respectively. Yaw angle is the angle

between the wind and the centerline of the paraboloidal reflector about an

parallel to the force of gravity. Pitch angle is the angle between the wind and

the centerline of the paraboloical reflector about an axis perpendicular to the

forc- of gravity and the modei azis of s_-mmetry, When both the yaw and pitch

angles are zero, the concave side of the reflector is directed symmetrically up-

wind. When the pitch angle is 90% the generating centerline of the reflector is

parallel to gravity and the antenna is pointed at the zenith,

Axes Systems for Forces and Moments

The forces and moments caused by wind loads may be ex[_ressed in any

one of three orthogonal cartesian coordinate systems whose angular orientation

is defined as follows:

Wind Axis: An axis system which is always parallel to the

ground surface, the wind direction, and the

direction of gravity (the ground surface is

assumed to always be flat and level. )

Body Axis: An axis system which is always parallel and per-

pendicular to the axis of symmetry of the model

body (paraboloidal generating centerLine. ) In the

-16-
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particular case of this test, the side force is

also parallel to the ground surface as there Is no

roll angle.

An axis system which is parallel to the ground

surface and the direction of gravity but is per-

pendicular to the model axis of symmetry. (And

therefore not necessarily parallel to the wind

direction. )

Note that all three of these axes systems are coincident when the yaw and pitch

angles are zero. Of these three axes systems, data in the stability axes are

probably the most applicable to an Az-EI mounted antenna; none of these axes

systems are directly applicable to a Ha-Dec mounted antenna, where the orien-

tation is determined by the Earthts rotational axis rather than the local direc-

"Lion of gravity.

Moment Centers

The position of the center of moments for the data presented in this

paper is always on the parabo!oidal surface generating centerline. Its position

on this centerline is measured in reflector diameters forward {concave side) or

aft {convex side) from the vertex. The vertex is defined as the intersect/on of

this generating centerline with the reflecting surface.

Force, Moment and Pressure Coefficients

The forces and moments presented in this paper are in the form of the

customary nondimensional aerodynamic coefficients. The force coefficients

are defined as: - 17 -

. -/
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(force)

(dynamic pressure) x (reflector frontal area)

and the moment coefficients as:

4

(moment)

(dynamic pressure) x (reflector frontal area) x (reflector diameter)

and the pressure coefficients as:

(local surface pressure) - (ambient static barometric pressure)
(dynamic pressure)

The Z_Cp of Fig. 21 and 22 is the difference of this pressure coefficient Letween

the front and back surfaces of the reflector at corresponding positions. The

dynamic pa'essure is de_Lued as:

1/2 (ambient static alr density) x (alr velocity) 2

A table of dynamic pressure covering usual wind velocities for a sea-level

NACA standard day is presented for conveni:_nce:

Wind velocity Dynamic pressure

Ib/tt2

0 0.00
10 0.28
20 1.02
30 2.30
40 4.09

50 6.39
60 9.21
70 12.26
80 16.37
90 20. T1

100 25.58
110 30.94
120 36.83

- 18 -
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Force and Moment Siam Conventions

As mentioned above at zero yaw and pitch angles, the three axes

systems are coincident; the forces and moments in each of these systems must

also be coincident and, therefore, will be defined for this condition.

Drag, chord, or
axial force:

_ift or normal

farce:

Side, lateral, or

span-wise force:

Pitch moment:

Yaw moment:

Roll moment:

Positive in a down-wind direction or away from the

convex surface of the reflector.

Positive in a vertical direction.

Positive to the right (starboard) when facing up-

wind.

Positive for an up-wind or concave side of the

reflector up moment.

Positive for an up-wind or concave side of the

reflector to the right Istarboard) moment.

Positive for a right (starboard) side of the reflector

down-moment (facing up-wind. )

The orientation of these forces and moments will change with the yaw and pitch

angles according to the particular axis system involved.

Numerical Example ,

As an example of the use of these definitions, a yaw moment coefficient

in either wind or stability axis with a numerical value of 0.15, when applied to

a 200 ft diam.antenna in a 70 mph steady wind, yields:

0.15 x 12.26 x 31416 x 200 = 11.6 million ft. lb. torque

- 19 -
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in a clockwise direction looking down. For this same situation, an a.cial force

coefficient, in stability axes, of I. 60 yields:

1.60 x 12.26 x 31416 = 0.472 million lb, force

acting in a direcUon away tram t,hc conca_-c _urface of the reflector and parallel

to the ground surface.

o 20 =
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EXAMPLE OF COIII_J_;TE _ CoMIr_GURATICN

- 0.33, _$ Porosi%7 on Outer 25_ Radius

Enlarged counterweight side surfaces pylon mounted

FIGURE 3
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Cowl ring spoiler

FIGURE 4
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Fence-type spoiler

iJ

FIGURE 5
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Surface roughness on convex side of reflector

FIGURE 6
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25% porosity pressure model

F.L°
=0.33

Dia.

FIGURE 20
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Ground Plane

Concave side of paraboloidat reflector

facing into the wind
a-- zero degrees, _ : zero degrees

4_
F

FIGURE 21 " "i
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Ground Plane

Convex side of paraboloidal reflector

facing into the wind

= zero degrees, _ -- 180 degrees

FIGURE 22


